In order to study the problem of surface fluctuations and slag entrapment, the nail board experiment and simulation computation method was used to optimize the method for measuring liquid level characteristics in mold. The influence of steel nails diameter and the distance between steel nails on the measurement results was studied. The height of the liquid surface and the surface velocity at different time and position were both obtained. The experimental results were compared with the results of numerical simulation. The large eddy simulation (LES) method is used to calculate the steel nails with different diameters and the spacing of the steel nails taking slag layer into consideration. It is showed that when the diameter of the steel nail is 10 mm and the distance between adjacent steel nails is 100 mm, the measurement results is most accurate which is in good agreement with the actual conditions.
Introduction
In the slab continuous casting process, the molten steel in the mould has a strong turbulence effect, and the unsteady flow behaviour of the molten steel plays an important role in the quality of the continuous-casting billet. This unsteady flow, and especially under a high casting speed, can easily lead to problems such as a high surface velocity or slag entrapment [1] [2] [3] [4] . Controlling the fluctuation can improve the quality of the slab and is a crucial and challenging aspect of continuous casting production. Thomas et al. [5] [6] [7] have carefully studied the method using A Fluid Dynamics Analysis Program (FIDAP) software to simulate the nail experiment under conditions varying the surface flow velocities, steel nail diameters, and with and without a slag layer; whereby the characteristics of the velocity field, pressure field and liquid surface shape were studied. The results showed that the nail board method can measure both the instantaneous velocity of the liquid steel surface as well as obtain the shape of the interface and the thickness of the slag layer. There exist few studies on the experimental study of the continuous casting process, and also few researchers used the LES model to simulate the behaviour of the steel surface. Also, studies on the influence that the spacing between the steel nails in the nail board has upon the experimental results is also rare. In this paper, the LES method was used to accurately simulate the flow behaviour of molten steel near the steel nails, while considering the effect of the slag layer. On the basis of this result, the influence that varying steel nail diameters and spacing have upon the experimental results was studied systematically to further optimise and develop the nail board experiment.
Measurements Procedures
A schematic diagram of the experiment is shown in Figure 1 , wherein during the process of continuous casting the board with a steel nail was inserted for 3-5 s into the surface of the liquid steel in the mould. After the solidification of a remnant of the steel slag on the nail (i.e., solidified lump), the height difference between the left (facing-flow) and right (wake) sides of the solidified lump, hlump, and its diameter, φlump, were measured. In this study, following experiments were carried out: 1) numerical simulations of a single steel nail inserted into the steel liquid were used to measure the different surface velocities of 0.2, 0.3, 0.4 and 0.5 m/s. 2）using a 0.3 m/s surface velocity, a numerical simulation determined the effect of different nail diameters on the accuracy of the result. 3) the influence of different steel nail spacings (using a single row of 5 steel nails) on the measured results was studied. 
Simulation Procedure
The commercial software FLUENT was used to solve the LES model using a DELL 8-core personal computer with 16.0 GB of random-access memory and a 3.40 GHz Intel® Xeon processor for parallel computing. The fluid region in the entire mould of the continuous casting process was solved, and the time of calculation was about 6 s for each with a time step of 0.001 s. The finite volume method (FVM) was used to process the discrete data, and the SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent) algorithm was used to solve the coupled equations of the FVM. An implicit distribution algorithm was used for the correction of the pressure velocity fluid, which can reduce the number of iterations and reduce the computation time. In the calculation area, the initial velocity was chosen as 0.2 m/s so that the turbulence was fully developed.
Results and Discussion
Nail Diameter Effect Bernoulli equation is given as equation:
Where p is the pressure, V is the velocity, ρ is the density of fluid, g is the gravitational acceleration, h is the height and C is a constant. According to equation (1), high flow speed can lead to a higher impact height on the facingflow side of the steel nail. Using the difference of height of the solidified steel lump on the facing-flow and wake sides of the nail, hlump, Liu et al. [8] have obtained a formula to calculate the surface velocity magnitude, Vm, given as:
A numerical simulation of steel nails with diameters 5, 10 and 15 mm was carried out. Using the solidified lump height difference between the two sides of the steel nail, hlump, the Vm was obtained by numerical simulation. This is plotted in Figure 3 along with the results for the velocity determined by the model calculation developed by Rietow and Thomas [7] . Fig. 2 . hlump as a function of different surface velocities Figure 2 shows that our simulation results are consistent with the conclusion of Thomas et al. [7] . That is, with low velocities, (≤ 0.2 m/s), hlump on steel nail gradually increased as velocity increased. This interval is found herein to be when the liquid level velocity is within 0.2-0.3 m/s, which is consistent with the reasonable range of the liquid level controlled by the mould during the continuous casting process. After the velocity reached 0.4 m/s, the two results showed a certain degree of difference. This was mainly caused by the chosen of different computational models. Figure 3 shows the liquid level velocities obtained for varying steel nail diameters. When the surface velocity is 0.2-0.3 m/s, the value calculated by model is close to the theoretical value. Compared with the 5-and 15-mm-diameter results, the result for the 10-mm-diameter nail was closest to the theoretical value with an accuracy rate reaching 95%. When the diameter of the steel nail was 5 mm, the deviation between the velocity values (inlet velocity and calculated surface velocity) was the largest. This signifies that, if the diameter of the steel nail is too small (here, 5 mm), it leads to instability of the solidified lump remaining on the steel nail and increased inaccuracies in the result. When the diameter of the steel nail is too large (here, 15 mm), the height difference between the left and right sides of the solidified lump increases owing to the large nail diameter. Therefore, for optimised measurements, the 10-mm-diameter steel nail should be chosen.
Fig. 3. Surface velocity, Vm, calculated from the liquid level for nails of varying diameter
Spacing of Nails The results show that the values of both the nail board experiment and numerical simulation are less than the liquid steel surface velocity in the absence of steel nails. The hindering effect of the slag layer shear force can result in a decrease of the velocity at the slag/steel interface. Furthermore, steel nails can also have the effect of decreasing the velocity at the slag/steel interface during the process of nail insertion. In this paper, the LES model was applied to accurately simulate the turbulence characteristics of molten steel around the area near the steel nail. Fig. 4 . Vector and contour of the surface velocity for steel nails spaced 50 mm apart Figure 4 shows that a number of steel nails will have a certain impact on the flow field, where the friction force of the steel/slag interface leads to a velocity decrease from the flow direction. However, the velocity at a neighbouring steel nail downstream in the flow will be disturbed by the flow-around action in the vicinity of the nail positioned upward in the flow. The influence of this disturbance is found to be related to the diameter of the steel nail where, according to the results in Section B, the disturbance is the least when the diameter of the steel nail is 10 mm. Therefore, the effect of the disturbance owing to the influence of the flow field can be reduced by selecting an ideal steel nail diameter. and do not exhibit a trend where the influence on the experimental results increases as the distance increased. The difference between the results obtained for the first steel nail and those of the subsequent nails is obviously reduced from that seen with a nail spacing of 50 mm. Therefore, appropriately increasing the steel nail spacing is helpful to improve the accuracy of nail board experimental results. (2) There exists a critical velocity, 0.3 m/s, below which the measured value was close to the theoretical value and above which the measured value was greater than the theoretical value and the deviation between the measured and theoretical values increased with the surface velocity. The optimal range of the nail board experiment was 0.2-0.3 m/s.
(3) The results showed that when the diameter of the steel nail is 10 mm and the distance between adjacent steel nails is 100 mm, the measurement results is most accurate which is in good agreement with the actual conditions.
